The dominant ditference between a ftoating ocean city and a conventional ftoating structure is that the size of an ocean city is substamially laI'ger; for ex ample, it can be as large as several square kilameters. Due ta this large size, the corresponding structural and hydrodynamic analyses for the ftoating structure supporting the ocean city become much more complex, and conventional design principles for ordinary offshore structures are no longer appropriate. The large size also makes it impossible to construct the structure in one piece on land and then tloat it to the site. Instead, modules of some optimal scale will need to be constructed separately on land and then assembled together in the ocean. Also, because of the large size of the ftoating structure it cannot be treated as a rigid body; instead, both its global and local dynamic response characteristics need to be considered, along with their excitation by the environmenta\ and man-made loads acting on the structure. The most important of these loads are those arising from wave action; in calculating these, the structure and the wave field must be treated as a coupled system, since the presence of such a large structure in the water will change the original wave field significantly [1 and 2] .
For obvious reasons, the structural integrity and health condition of ocean cities are important safety issues for viable hwnan inhabitation. For large complex civil structural systems, structural health can be monitored by measuring its dynamic response to environmental or man-made loads acting on the system. The response can be continuously checked in relation to
The safety of offshore structures, such as oil and gas platforms, has always been an impoltant issue, and for a f10ating ocean city intended for human inhabitation, the safety issue is even more critical. So far, most of the studies related to VLFS have focused on developing structural and hydrodynamic theories to predict structural response, while the concept of a practical system to monitor the health of f10ating structures has received little attention.
Larger complex structural systems, such as ocean cities, are expensive to construct, maintain, rehabilitate or replace, so it is important to secure their function, and to protect their occupants and the vast investments made in their construction and operation. It is increasingly recognised that such large systems can benefit from a comprehensive « health » monitoring system which automatically and immediately detects, locates and assesses any damage occurring in the structural system, wher~damage means the reduction of either the strength, the stiffness, or both, in any component or member.
The term «structural health monitoring» means diagnostic monitoring of the integrity or condition of a structure using a network of distributed sensors (e.g. accelerometers or strain gauges) in conjunction with an « intelligent » computer-based data processing system. For an ocean city, its function would be to provide rapid detection and assessment of structural damage due to longterm degradation from operational use and environmental effects such as corrosion or fatigue, as weil as from extreme structural loading events, including storm-generated ocean waves, earthquake-generated tsunamis, hurricane winds, explosions and impact by f10ating objects.
Once damage is initiated, it will tend to propagate under the effect of continuai environ mental and man-made loads. Therefore, damage that is not immediately detected and rapidly repaired will be compounded and may even lead to eventual catastrophic structural failure which can threaten the integrity of the whole structural system. For safe operation of an ocean city, it is therefore important that the monitoring system provide information about the occurrence of damage in real-time so that rapid corrective action can be taken before the damage begins to spread.
In this paper, a structural health monitoring system is proposed that uses continuai measurement and real-time analysis of dynamic (vibrational) response data from a comprehensively instrumented ocean city structural system. The monitoring system takes advantage of the continuous «.ambient » response due to dynamic service and environmental loadings to infer whether damage or degradation has occurred in structural components. If damage is detected, a warning is generated, perhaps accompanied by a graphical display of the location and likely degree of damage on special monitoring screens at an Operations Center for the city. This information would allow remedial action to be taken before damage progresses to the stage where catastrophic failure may occur.. In addition to its damage detection role, the acquisition of data relating to dynamic response and environmental loads can play a valuable role in improving the state of knowledge of structural performance, engineering design and construction practice for ocean cities.
Details of the proposed monitoring system are presented in the following sections along with a discussion on environmental loads whose real-time prediction or measurement can be used to enhance the operation of the structural health monitoring system.
II • STRUCTURAL HEALTH MONITORING
TECHNIQUES.
There are two basic approaches to structural health monitoring. The first is to measure the dynamic response of the structural system and check whether pre-set, design-based threshold levels have been exceeded anywhere in the structure. This approach is appropriate for sensing the occurrence of a severe loading event and for determining which parts of the structural system experienced « overloading » as a result. Of course, threshold exceedance does not necessarily imply that structural damage has occurred. Conversely, component or member failure from long-term environ mental degradation may not be associated with any response threshold exceedance. This motivates the second approach which is to measure quantities more directly indicative of damage, such as excessive relative displacements between structural members, particularly at their connections.
The challenge in both of these approaches is that it is not possible to instrument ail locations because of the large physical size and complexity of the structural system supporting the city. Not only are there too many locations of interest to place a sensor at each one, sorne locations will not even be accessible for sensor placement. However, by smart processing of sensor signais, excessive response and likely damage may be monitored at ail locations. This is usually do ne by employing a numerical computer model, typically derived by the Finite Element Method, which describes the dynamic behavior of the structural system and which has been pre-calibrated using measured dynamic response due to external excitation from wind and waves, as weil as internai vibration sources within the city.
For checking threshold exceedance everywhere, techniques have been developed to predict the response at unmonitored locations from the measured response, even though the exciting forces are not known [28] . For more directly addressing detection of structural damage, robust techniques have been developed for « inverting » dynamic response data to infer stiffness changes in the structural system, since damage is usually accompanied by a local loss of stiffness. This inversion is typically ill-conditioned in the presence of measurement noise and modelling en'ors and so it presents a specially challenging engineering problem. The ill-conditioning, and even nonuniqueness, of this inversion process introduces uncertainties which can be treated using a probabilistic framework [29, 30] .
The inversion to detect and localize any stiffness loss is based on «updating» stiffness parameters in the precalibrated numerical structural model using experimentally measured data, a general process commonly known as system identification. A typical procedure involves a twostage process [31, 32] . First, a modal test is performed on the structural system during which the response due to external excitations are measured. From the response data, the dynamic characteristics of the system such as the natural frequencies and mode shapes can be determined LA HOUILLE BLANCHE/N°8-1995 There are no theoretical solutions to predict the wind force acting on a floating structure. Usually the wind stress is written as function of wind field, wind coefficient and air density and these relationships are determined by experiments or empirical estimates [25] .
Although the application of a structural health monitoring system to an ocean city must wait until such structural systems become a reality, the ideas proposed here may be tested on a long suspension bridge currently under construction in Hong Kong. ln this case, the dominant environmental excitation is wind loadings, including seasonal typhoons. This bridge is used here to illustrate the concept of structural health monitoring [24] . SCALE IV • ILLUSTRATIVE LARGE STRUCTURE EXAMPLE • ln the ocean, currents are generated by many factors such as tides, winds, surface waves and temperature variations. The impact of an ocean current on a floating structure appears in two forms: the viscous drag force and the oscillation excitation of the structure due to vortex shedding in the wave. At the current stage, neither phenomena can be modelled theoretically ; instead, their effects can only be examined through experiments and empirical expressions.
To apply the methods for predicting the environmental forcing functions, appropriate environmental parameters must be measured and recorded. These include incoming wave height, frequency and propagation direction, and wind and current speed and direction. To measure the wave height and frequency, a pressure sensor can be suspended from a buoy at a sufficient depth in the ocean. To determine the wave direction, a standard X-band radar can be operated from an elevated position on the ocean city. The surface CUITent can be measured by drifter or buoy current gauges. For wind measurement, simple wind meters can be distributed at different locations on and around the ocean city to record the wind data. These measured environmental parameters will be input in real-time into the hydrodynamic and structural models to predict the structural loads.
A large number of references are available for the subject, Refs. Il to 23 are a selected few. periodic sea surface waves. To model this wave force, it is usually assumed that the sea water is incompressible and inviscid, and the flow irrotational. ln this case, relatively simple potential theory can be used to solve for the resultant force based on knowledge of the surrounding flow field. A linear theory is valid for wave amplitude much smaller than the water depth. However, since an ocean city will be located in deep ocean, this theory is adequate to study wave height as large as 10 meters. If the ocean waves in reality are irregular waves consisting of different frequencies, then the above theOl-y is still val id but Fourier analysis needs to be added into the modeling.
III • DOMINANT ENVIRONMENTAL LOADS EXCITING OCEANCITIES.
directly or through data processing techniques, depending on the test method employed. Because the natural frequencies and mode shapes of a structural system are functions of the system parameters such as the mass and stiffness, these system parameters may be estimated by « inverting » the dynamic modal characteristics in the second stage of the process. Using similar concepts, attempts have been made in the past to develop techniques for using vibration measurements to evaluate the structural integrity of offshore oil and gas platforms [3] [4] [5] . Because of the adverse conditions in acquiring these measurements, the high redundancy of the structural system, the lack of sensors distributed over the full height of the structure and the pOOl' signal-to-noise ratio compared with modern sensors, the methodology for detecting structural failures did not become mature.
On the other hand, in the aerospace industry, modal tests are performed on extensively instrumented spacecraft using precisely controlled excitations for determining natural frequencies, mode shapes, and damping. Here, the objective is to verify a mathematical model to be used in the loads analysis by comparing the dynamic characteristics obtained by a test to those predicted by the analytical mode!. The differences between the test and analysis results are then used to modify the mathematical model so that the model accurately predicts the test results [6] [7] [8] [9] [10] .
However, for large complex structures such as tall buildings, long bridges, and very large floating structures, conventional modal testing using man-made external excitation is not feasible in general. lnstead, environ mental excitation such as wave and wind loads are used. ln this case, the sensitivity of the stiffness inversion process can be enhanced by using as much information as possible about the dynamic loads on the structure which produces the measured dynamic response. Basically, this information makes it easier for the inversion methods to distinguish effects in the measured response due to changing dynamic characteristics of the structural system from those effects due to changing features in the excitation.
The environmental loads acting on a floating structure are induced by the interaction between the structure and fluid flows which include sea waves, winds and ocean cun-ents. These loads act through both normal pressure forces and viscous shear forces and ditferent hydrodynamic theories are required for different types of forcing. ln general, for a very large floating structure, the structure and the fluid field are treated as a coupled system, and for design purposes, they are either determined through numerical simulation or by experiments and empirical formulas. However, for application to structural health monitoring, flow measurements and hydrodynamic theories must be combined in real-time to infer, or predict, the environmental loads acting on the structure, since it is normally not feasible to directly measure these loads.
The dominant environ mental force that an ocean city will experience continuously is the force induced by regular • 3.1 Forces induced by deep sea periodic waves LA HOUILLE BLANCHE/N°8-1995 be obtained. This provides a basis for determining which structural members can be reliably identified as « damaged » from observed changes in the dynamic characteristics of the bridge [8] .
Although the bridge has not yet been completed, turbulence measurements in the forms of wind velocity have been conducted by an instrumented aircraft (fig. 4) flying in the vicinity of the bridge during selected meteorological events. Figure 5 shows the airborne measured wind velocity during typhoon Russ on June 5-6, 1994. Figure 6 is the power spectra plot of the three wind velocity components. Il is c1ear that the wind velocity contains substantial energy component in the low frequency regime which overlaps the bridge natural frequencies. These wind velocities will be converted to aerodynamic loads based on the theory of wind loadings [25] which will be the external forcing functions for the bridge. However, since these wind velocity measurements were made on a moving platform instead of the stationary sensors, only their frequency content is meaningful.
For the purpose of seeking frequency response functions, these wind velocities are applied directly to the top of the support towers in the lateral direction (U) and to the three discrete points on the deck in the lateral and vertical directions (U and W respectively).
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2. Bridge construction.
3. Bridge finite-eIement mode!. Figure 1 shows the schematics of the bridge under construction and figure 2 is a photo of the actual construction activity. The bridge is designed for both rail and automobile traffic and it connects the new Hong Kong International Airport at Chek Lap Kok to downtown Hong Kong. A finite element model using the NASTRAN code is established for the purpose of studying the dynamic characteristics of the bridge as weil as for calculating the response due to external loads. The model consists of l ,794 degrees-of-freedom (DOF) and is shown schematicaliy in figure 3 .
The sensitivity of the dynamic characteristics of the bridge to its major structural elements is studied. Using the model to simulate possible damage in various components (for example, the bridge supports, cables, or main deck), the dynamic characteristics of the « damaged » bridge can 1. Long Suspension Bridge. Figure 7 shows the simulated responses of the «damaged » and «undam-aged» bridges at node 1049 which is at quarter deck position (fig. 3) . ft is sufficient here to conclude that significant differences in response spectra can be obtained. It is these types of differences in dynamic response which will provide indications of structural damage. In [24] the damage locations and the extent of damage were identified by considering changes in the dynamic characteristics such as the natural mode shapes. The dynamic responses of the bridge due to the « measured» external forcing functions are obtained. for the « healthy» bridge as weil as the «damaged» bridge. These dynamic responses are then utilized ta obtain the corresponding dynamic characteristics. Special attention is paid ta particular feaLUres of the forcing functions with respect to the feasibility of extracting the natural frequencies and mode shapes [26] .
The proposed structural damage detection methodology is based on comparisons of the structural dynamic characteristics of the « healthy » bridge versus the « damaged » bridge derived from the dynamic response due to the actual forcing functions. Damage in the form of «stiffness re- 
TEM.
The proposed monitoring system consists of two integrated functions: one for a real-time alerting system, and the other for a health monitoring system. The purpose of the real time alerting system is to provide warnings whenever critical response level thresholds are exceeded due to extreme wave. wind and other loading. The purpose of the health monitoring system is to detect changes in the structuraI behavior of the ocean cities which may be interpreted as precursors to more serious structural damage or failure so that preventative repair and retro fi t measures can be undertaken in a timely and cost effective manner. Figure 8 shows such a monitoring system proposed for ocean cities. The monitoring system will meet the following objectives:
-Monitor environmental parameters to determine the loading condition. 8. Proposed ocean cities structural integrity and health monitoring system. provide a graphical interface for presenting critical information, such as changes in natural frequencies and mode shapes, and local changes in stiffness.
-Provide a rational basis for operational decisions concerning structural safety, inspection and maintenance, thereby improving safety, reliability, user comfort and efficiency of operation. -Provide data to refine/update the analytical models of the ocean city for structural analysis by using structural identification techniques. -Provide basic data and information for modification and improvements 'of ocean cities construction codes.
The monitoring system will involve five functional components: 
VI. CONCLUDING REMARKS.
The proposed ocean cltles structural integrity and health monitoring system is based on experience being gained from other large complex civil structural systems. It is very preliminary in nature and further refinement will be required. Nevertheless, the presently proposed system can be taken as a basic framework in which the fundamental objectives can be achieved. 
